The DNA of polyoma (PY) virus has two interesting features: it is unusually resistant to heat or formamide denaturation,' and it has two distinct components, of sedimentation coefficient 14 and 21, respectively.2 A two-component sedimentation was formerly shown to be a characteristic of the DNA of papilloma virus,3 which is considered a member of the same group of viruses.
Evidence presented in this article shows that both these features of polyoma virus DNA are the consequence of special configurational properties.
Material and Methods.-Purified polyoma virus was prepared according to Winocour;4 DNA was extracted from the purified virus with phenol6 and stored at -70'C. Virus labeled with either p32 or H3 was obtained by adding label (P32 orthophosphate or H3 thymidine) 24 hr after infecting the cultures. Sedimentation studies were carried out by the band sedimentation method:6 3 ml of CsCl solution of density 1.50 were placed in a centrifuge tube and covered with paraffin oil; the sample, of a volume 0.05-0.25 ml. was added dropwise on top of the oil layer. The tube was spun in an SW-39 rotor in a model L Spinco ultracentrifuge at 35 K rpm; in most experiments, spinning time was 4 hr. For shorter runs, the tube containing the CsCl solution and oil was spun for 4 hr before adding the sample, in order to preform the gradient. The CsCl solution was buffered either at pH 7.5 with 0.01 M Tris, or at alkaline pH (11.0, 11.8, and 12.5) with 0.01 M phosphate buffer. 7 For density gradient equilibrium sedimentation, 3 ml of a CsCl solution of density 1.71 or 1.72 at pH 7.5, and 1.73 at pHs 11-12.5 were used. The solution was covered with oil, spun in the SW-39 head of the model L ultracentrifuge at 29 or 30 K for 70-80 hr. In all cases, fractions were collected from the bottom of the tube. Columns of methylated albumin were prepared according to Mandell and Hershey.8 Infectivity of polyoma DNA was measured as described by Weil.6 Pancreatic DNAase Worthington lx crystallized was used. E. coli phosphodiesterase (Lehman enzyme)9 was a gift of Dr. R. L. Sinsheimer. DNAase and phosphodiesterase digestion were carried out according to Fiers and Sinsheimer.16 Results.-In brief, the following results were obtained. (1) PY DNA always sediments in two bands, a fast one (F) and a slow one (S). The F and S components are stable under a variety of conditions; both are infectious. (2) In the column of methylated albumin the S component is eluted at higher salt concentration than the F component. (3) The following observations were made by density gradient equilibrium centrifugation. At pH 7.5 the bands formed by the F and by the S component have the same density and do not differ greatly in width; at pH 11.8 most of the F component has the density of native DNA, whereas the S component has the density of denatured DNA. At pH 12.5 both components are denatured; the S component forms a wider band. (4) In band sedimentation at pH 12.5 the F component sediments about 2.5 times faster than at pH 7.5; after neutralization and annealing it reacquires the original sedimentation characteristics. The S component, on the contrary, migrates at pH 12.5, about the same speed as at pH 7.5. (5) The infectivity of the F component is increased several times after treatment at pH 12.5 followed by neutralization; the infectivity of the S component is lost after this treatment. (6) Pancreatic DNAase converts the F component into the S component, with loss of infectivity. The kinetics of conversion is unusual, since it is of first order. These results show that molecules of polyoma virus DNA in different states exist in the F and in the S component. The data are consistent with the hypothesis that the F component is made up of molecules in ring form, and the S component of molecules in linear, or open, form. The results will now be given in greater detail, in terms of this hypothesis.
Properties of the two components of different sedimentation velocity: Many preparations of PY DNA, of both small plaque and large plaque type, were examined by band sedimentation in CsCl at pH 7.5. They all contained the F and the S band. The band pattern observed with this method was found to be similar to that observed with the sucrose gradient method. The major component was the F component; it represented 60-80 per cent of the total in DNA preparations which had been extracted only once with phenol, and 90-95 per cent in preparations which had been extracted two or three times.
The ratio of the uncorrected distances traveled by the two components was 1.31 in sucrose gradient with 5 X 10-3 M Mg++, 2.5 X 10-2 M K+, and 5 X 10-2 M Tris buffer, pH 7.5; the ratio was 1.22 in CsCl of density 1.50 at pH 7.5. Both components were infectious and produced plaques of equal type. The average specific infectivity (ratio: infectivity to OD260) was two to three times larger in the F band ( Fig. 1 Density gradient equilibrium centrifFractions of 2 ml each were collected. To each ugation: Mixtures of F and S comfraction 0.03 ml of a 4% serum albumin solution and trichloroacetic acid to a final concentration of ponents, labeled with different isotopes, 5% were added in the cold. After centrifugation were banded at pHs 7.5, 11, 11.8, and the pellets were dissolved in NH40H and 12.5. At pH 7.5 the two components counted.
gave rise to essentially coincident bands at equilibrium (Fig. 3) the band made up of the S component tended to spread toward higher densities, owing to incipient denaturation. At pH 12.5 both components were completely denatured and had a correspondingly higher density ;7 the band of the S component was 1.5 times wider than that of the F component. At pH 11.8 the S component had a denatured density, whereas the F component separated into two bands, with most of the DNA in a band of native density, and the remainder in a band of denatured density (Fig. 4) . The proportion of F DNA in these bands differed in various preparations. Band sedimentation at pH 12.5: The S component sedimented at a speed not very different from that which it had at pH 7.5, whereas the F component gave rise to two bands, one (SF band) sedimenting like the S component at the same pH, the other (FF band) sedimenting about 2.5-2.8 times faster (Fig. 5) . The proportion of F DNA which appeared in the FF band was similar to that resisting denaturation in the equilibrium centrifugation. The DNA of the FF band reacquired the sedimentation velocity of F DNA when annealed at pH 11.8 in 6 AI CsCl: when rapidly neutralized, most of the FF DNA retained the high sedimentation velocity.
The results obtained at alkaline pH are interpreted as follows: the ring molecules (F component) are resistant to denaturation, presumably because they do not have free ends; when denatured, they remain topologically unchanged, i.e., still coiled together, and sediment very rapidly, like incompletely denatured DNA."I Upon annealing, they reconstitute the ring molecules characteristic of the F component. The linear molecules (S component) denature more readily, presumably because they have free ends; upon denaturation they give rise to separate single strands, which sediment at a rate similar to that of the native S component. The molecules of the F component, which sediment slowly at pH 12.5 (SF band) and denature readily, are thought to originate from F molecules either with single-chain cuts, or with alkali-labile points, such as pre-existing depurinations. Upon denaturation, such molecules would give rise both to single-stranded rings and single-stranded linear chains, which would move close to each other, like the analogous OX forms. '2 Behavior of the infectivity at alkali pH: Treatment at pH 11.8 or 12.5 abolished the infectivity of the S component. The infectivity of the F component was not affected by treatment at pH 11.8; after treatment at pH 12.5 and rapid neutralization it was increased about four times. This increase can be probably attributed to increased uptake of partially denatured DN-A by the cells. ' The two bands produced by the F component when sedimented at pH 12.5 were both infectious; in the SF band the specific infectivity (ratio: infectivity to radioactivity) was maximal in the frontal and absent in the trailing part of the band.
These results show that the SF band is heterogeneous. The heterogeneity is also shown by the different sensitivity to the Lehman enzyme of the various fractions composing the band. The DNA present in the frontal part of the band was resistant to the enzyme, whereas that of the trailing part was partly hydrolyzed. The infectivity was not affected by the enzyme. A possible interpretation of these results is that the infectious DNA present in the frontal part of the SF band is made up of single-stranded rings, and the DNA of the trailing part, mostly noninfectious, of single-stranded linear chains. Other interpretations are, however, possible.
DNA ase digestion: Samples of the labeled isolated components were treated with the enzyme at constant concentration for various lengths of time. Then the sedimentation pattern of each sample was determined, after mixing it with differentially labeled unfractionated PY DNA as marker. F component ( those of the F and of the S band was formed. In the further study of this phenomenon, a DNAase treatment which converts 37 per cent of the F component into S will be designated as a "converting hit." S component (Fig. 7) : As a function of the time of digestion the S band at first increased in width, and showed subsequently a progressively lower velocity of sedimentation without generating a new separate band.
The ' except that isolated S component was was similar: at pH 12.5 the FF component used. was converted into the SF component at exactly the same rate at which the F component was converted into the S component at pH 7.5. This result shows that DNAase did not produce single-chain cuts in the ring molecules, which would have resulted in faster disappearance of the FF component at pH 12.5, compared to the F component at pH 7.5. Thus, the enzyme broke both chains at once. S component (either native or produced from the action of DNAase on the F component): At either pH the band formed was modified in the same qualitative way by DNAase; the band became wider, and then its average velocity of sedimentation progressively decreased, as digestion proceeded. The effect was, however, much more pronounced at pH 12.5.
To compare the effects observed at the two pHs, the number of scissions was evaluated from the sedimentation behavior of the DNA molecules. When the number of scissions was low, it was evaluated by determining the proportion of material remaining in a position coincident with the S band (pH 7.5) or with the SF band (pH 12.5). When the number of scissions was higher, it was evaluated from the change in average velocity of sedimentation,"4 with the assumption that the sedimentation velocity is proportional to MW0 37 at pH 7.5, and to MW 0.5 at pH 12.5. '5 In repeated experiments it was found that single-chain cuts, demonstrable at pH 12.5, were produced at a much faster rate than complete scissions, demonstrable at pH 7.5; and furthermore, that complete scissions occurred according to a kinetics which appeared to beeof higher order (Fig. 8) .
These results show that there is a profound difference in the effect of DNAase on the F and on the S component.
The interpretation of these results is that the ring molecules are labile for reasons related to their shape. Perhaps the ring form imposes a statistically higher stress on the phosphodiester bonds; hydrolysis of one bond may increase considerably the stress on the complementary bond, making it highly susceptible to hydrolysis by the same enzyme molecule, or to breakage. As soon as the ring opens, the stress disappears. ecules which sedimented like those of the frontal part of the original S band. These results show that in both the F and the S components loss of infectivity was caused by complete scissions, whereas single-chain breaks were inconsequential. Single-chain cuts had, however, an effect on infectivity, if DNA which had experienced a few DNAase hits was heated at 1000C for 5 min in 0.15 M NaCl. This DNA lost all its residual infectivity, in contrast to DNA not exposed to DNAase which increased its infective titer two or three times after heating. ' Conclusions.-The results here reported are in agreement with the hypothesis that the DNA of polyoma virus is a ring molecule. Mi\any other possible structures which may account for the existence of two components of different sedimentation velocity are contradicted by the results.
According to the results, the ring should be made up of two complete complementary strands, each one separately closed on itself, plectonemically coiled, and not cross-linked. It is likely that the ends of each polynucleotide chain are connected by a special "linker," as in OX DNA.'3 This is suggested by the presence of infectivity in the native linear molecules, in contrast to its absence in at least most of the linear molecules obtained by DNAase treatment. These results also show that infectivity requires the information of the whole DNA molecule and the integrity of its functional units.
Single-chain breaks, as produced by DNAase in infectious S molecules, do not abolish infectivity. Thus, either the se breaks are repaired after the DNA enters the cell, or the reading of the DNA molecules for RNA synthesis or replication is undisturbed by the breaks.
The behavior of infectivity at alkali pH suggests that single-stranded rings are infectious; only further experiments may, however, decide whether this is true.
Two results remain to be explained: (1) the difference in sedimentation velocity of the ring and of the linear molecules is larger than for other ring-shaped molecules, such as those of OPX DNA"2 or X DNA;16 (2) the ring is unstable, as suggested by the kinetics of DNAase digestion. It can be tentatively suggested that they are the consequence of the combination of double strandedness and of the size of the ring.
We are grateful to Prof. R. L. Sinsheimer for useful discussions. 
